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Introduction: 1
The continual improvement of bioprocesses over the last 20 years has enabled the production of g/L 2 quantities of complex therapeutic proteins (e.g. monoclonal antibodies) from industrial scale Chinese 3 hamster ovary (CHO) cell culture [1, 2] . These dramatic improvements in performance have been 4 achieved, in part, through understanding the nutrient requirements of CHO cells to optimise media 5 formulations. Industrial scale cell culture processes, where possible, now utilise chemically defined 6 media that maintain growth rate and increase titre as well as eliminate the batch variation associated 7 with biological components such as serum [3] . The development of fed-batch cell culture strategies 8 have also been central to achieving high product titres, counteracting the production of cellular waste 9 products during cell culture and extending production runtimes. During exponential growth, CHO cells 10 channel glucose and glutamine through the glycolytic pathway even in cases of high oxygen availability
11
(aerobic glycolysis), a metabolic phenotype similar to the Warburg effect observed in cancer cells [4] .
12
The resulting secretion of lactate and ammonium inhibit cell growth and productivity as well as initiate 13 apoptosis and decrease product quality [3] . In a fed-batch process, cells are initially grown to a high cell 14 density before the bioreactor environment is altered through e.g. reducing the temperature or altering 
23
Recent studies of CHO cell metabolism have indicated that mitochondrial function is central to lactate 24 production/consumption [7] and indeed the variability observed in CHO cell metabolic phenotypes [8] .
25
Mitochondria play a central role in eukaryotic cellular energy metabolism via oxidative phosphorylation
26
(OXPHOS) and have important functions in biological processes such as intracellular calcium signalling
27
[9] and apoptosis [10] . While the overwhelming majority of proteins required to carry out these functions 28 are transcribed from nuclear DNA (nDNA) [11] , mitochondria also contain a distinct, double stranded 29 circular genome. Eukaryotic cells can contain more than 1,000 copies of mitochondrial DNA (mtDNA) 30 packaged within DNA-protein structures known as mitochondrial nucleoids (each nucleoid contains 2-31 10 mtDNA molecules). mtDNA copy number varies according to cell type, for instance with myocardial 32 muscle cells containing on average 6,000 copies while leukocytes may have as few as 350 per cell 33 [12, 13] . In humans, a significant degree of variation in mtDNA copy number has been observed between 34 the same tissues of different individuals as well as across multiple tissues from the same individual [14] .
35
The mitochondrial genome is between 15 to 17 kb in length and contains 37 genes (28 on the guanine 36 rich "heavy" or H-strand and 9 on the cytosine rich "light" or L-strand). mtDNA encodes 13 polypeptide 37 subunits of OXPHOS complexes I, III, IV and V along with 2 ribosomal RNA subunits and 22 tRNAs 38 required for intra-mitochondrial protein synthesis. The mtDNA genome is extremely compact, genes 39 lack introns, intergenic regions are limited to 1 or 2 nucleotides and in some cases genes can overlap 1 (e.g. ATP6 and ATP8). The only significant non-coding regulatory region is called the displacement loop 2 (D-loop) and contains the origin of replication for the H-strand. Transcription is initiated from one of two 3 H-strand promoters or a single promoter on the L-strand resulting in polycistronic RNA and 4 subsequently processed to produce mRNAs, tRNAs and rRNAs. Mitochondria utilise a distinct genetic 5 code for mRNA translation allowing translation of all codons using only 22 tRNAs [15, 16] . mtDNA 6 encodes for only two of the four nDNA stop codons ("AGA" and "AGG"), with the "UAA" stop codon 7 added to transcribed mRNAs via polyadenylation. The nDNA stop codon "UGA" encodes tryptophan in 8 mtDNA while the "AUA" codon that encodes for isoleucine in nDNA encodes methionine in mtDNA.
9
Relatively inefficient DNA repair mechanisms and close proximity to reactive oxygen species (ROS) 10 contribute to a mitochondrial genome mutation rate at least 10 fold higher than that of the nuclear 11 genome. This high mutation rate has seen widespread application of mtDNA sequencing for studies in 
32
Methods for expression profiling have also seen marked improvement in the CHO cell post-genomic 33 era and overcome the reliance on homology with model species that limited early studies in the field.
34
CHO-cell-specific sequence databases have increased the number of identifications from mass 
12
Tissue kit (QIAGEN, 69581). Tissue samples were sheared using a Dounce homogenizer in 180 µl of
13
ALT buffer. The purity and integrity of extracted tissue-derived genomic DNA was determined on a 14 nano-drop and via a DNA-agarose gel stained with ethidium bromide (Supplementary Figure 1A) . 
21
DMEM supplemented with 5% serum. All remaining CHO cell lines were cultured in suspension in 5 mL
22
of serum-free media at an initial density of 2 × 10 5 cells/mL. 17 × 10 6 cells were acquired at 72 hours
23
for mitochondrial DNA extraction [30] . To reduce the contaminating nuclear DNA an additional step was
24
carried out for CHO cell lines to enrich for double stranded mtDNA using a bacterial mini-prep kit
25
(QIAGEN, 27104), as previously described [31] . Purity and integrity of isolated CHO mitochondrial DNA
26
was determined using a NanoDrop and an agarose DNA gel (Supplementary Figure 1B) .
27

Amplification of mitochondrial DNA
28
To further eliminate nuclear DNA from the tissue and cell line samples, we amplified mtDNA fragments 29 using a high fidelity PCR kit (Life Technologies, 11304-011) (Supplementary Figure 1C) . CHO mtDNA 30 primers were designed using the CHO cell mtDNA sequence available on GenBank (NC_007936.1).
31
Two overlapping ~8.5 kb mtDNA fragments were designed to span the ~16.5 kb mitochondrial genome 32 sequence (Supplementary Table 2 ). Another set of overlapping primers was designed based on the
33
Mus musculus mitochondrial genome sequence (NC_005089. 
17
To reconstruct the Chinese hamster mtDNA sequence the MITOBIM algorithm [32] 
25
Reads corresponding to each of the 22 CHO cell lines sequenced were subjected to quality control 26 assessment followed by the removal of adapter sequences and reads < 50bp using trimmomatic [36] .
27
The remaining sequence data was mapped to the Chinese hamster mitochondrial genome reference 28 using the BWA-MEM algorithm [37] . 
16
To identify CHO cell line mtDNA mutations using the dual mapping strategy, variant calls were made 
Estimation of contamination from nuclear mitochondrial sequences
36
Heteroplasmy detection can be confounded, particularly from whole genome sequencing data, by the 37 presence of nuclear encoded copies of mitochondrial sequences (NumtS) [45] . In this study, potential contamination was reduced through the long range PCR to enrich for mitochondrial DNA and in the 1 case of cell lines, the utilisation of a bacterial mini-prep kit to eliminate non-circular DNA prior to 2 amplification. To confirm the effectiveness of the enrichment strategy for mitochondrial DNA, we utilised 3 the mouse mitochondrial sequencing data to assess potential contamination from NumtS. The variant 4 identification pipeline was first used to identify SNPs and INDELs against the mouse reference 5 sequence (NC_005089.1). To estimate the influence of NumtS, processed reads from mouse were 6 separately aligned to the Mus musculus nuclear genome (mm9 assembly) using the BWA-MEM 7 algorithm (the "-L" and "-T" parameters were set to "9,9" and "145" respectively). Those reads which 8 mapped to known mm9 NumtS regions [46] with a MAPQ > 20 were extracted, reconverted to FASTQ 9 files and remapped against the mouse mtDNA reference sequence using the variant discovery pipeline 
20
In this study, we sequenced the Chinese hamster mitochondrial genome to produce an accurate 
26
(A=33.7%, C=22.8%, G=13.0%, T=30.5%) with an overall GC content of 35.7%.
27
Annotation was initially performed using MITOS [34] and ARWEN [35] and further refined through
28
comparison of the Chinese hamster mtDNA with human, mouse and rat reference mtDNA sequences
29
(Supplementary Table 3 Table 4A ). The BWA-MEM 
36
81% of all CHO cell line mutations identified in this study were heteroplasmic (i.e. the MAF>1% & <99%)
37
with a minor allele frequency spanning from 1% to 96.2% ( Figure 4C ). While the majority of 38 heteroplasmic variants were identified in a single cell line, 11 of these mutations were shared in two or more cell lines ( Table 7 ). The remaining variants were predicted to result 32 in a frameshift mutation (7.5%) or premature stop codon (5%), with 1 start codon mutation identified. Of 
36
Frameshift mutations with a high probability of functional consequences were identified in ND1, COX1, 
22
To determine the prevalence of mutations in the CHO cell mitochondrial genome, 22 CHO cell lines
23
derived from the CHO-K1, CHO-S and DG44 lineages, including industrial cell lines, engineered cell 24 lines and clones generated from 2 cell line development projects were selected for mtDNA sequencing.
25
The high depth of coverage achieved through massively parallel sequencing of the relatively small 
30
The heterogeneity of the CHO cell mitochondrial genome across the CHO cell lines analysed here is 31 remarkable; cell lines were found to contain at least one to as many as 30 mutations in their mtDNA.
32
We discovered both homoplasmic and heteroplasmic mutations at 130 nucleotide positions distributed 33 across the entire mtDNA sequence with a total of 197 variants detected across the 22 CHO cell lines.
34
A SNP or INDEL was identified in all 13 protein-coding genes, 8 tRNA genes, and both rRNA genes as 
16
The overwhelming majority of mutations identified in this study were heteroplasmic and were detected 
27
In comparison to homoplasmic mutations which tended to be lineage specific, 89% of heteroplasmic 
36
PROVEAN predictions found that of the 49 amino acid substitutions arising from a missense 
In our study, 8 tRNA genes were discovered to have heteroplasmic variations present to as far as 74% 
11
of cellular metabolism to rely more heavily on glycolysis [56] and maintain cellular energy balance.
12
Exclusive reliance on glycolytic metabolism, despite being energetically inefficient, has been shown to
13
be associated with elevated cell growth in both cancer and CHO cells due to the intermediate 
38
CLD1 #5 and CLD2 #2). TOPO cloning was performed and 10 clones from each cell line was Sanger
39
sequenced as a means to determine the co-habitation of these mutations (Supplementary Figure S4) .
When compared to the CH mitochondrial reference sequence, the early frameshift mutation, shared in 1 all clones, was detected and reflected the heteroplasmic frequency identified through deep-sequencing.
2
In the case of CLD1 #3 which contains both mutations, the second STOP mutation was not detected 
13
whether they can be manipulated to improve these characteristics. Some the molecular tools required 14 to achieve this have only recently been developed (cell paper -mito talens).
15
While the results of this study demonstrate the heterogeneity of CHO cell mtDNA, the polyploid nature 38 Table legends 1 
17
Primers were designed for PCR amplification of genomic CHO DNA using the CHOgenome.org CHOgenome.org. Primer pairs (#1 and #2) were also designed using the available CHO-K1
22
mitochondrial genome sequence for high-fidelity PCR of the mitochondrial genomic DNA fragments.
23
Finally, to account for possible sequence variation between the CHO mt-DNA sequence and the
24
Chinese hamster mt-DNA sequence, primer sets (CH1-6/8 and CH2-86/7) were designed used the 25 available CHO-K1 mt-DNA sequence available and matched for 100% sequence similarity with both 26 the mouse (mmu) and rat (rno) mt-DNA sequences.
27
Supplementary 
9
Using an identical dual mapping approach aligning reads to the unshifted and shifted mouse 10 mitochondrial genome reference sequence we identified 3 mutations, two of which were heteroplasmic. 
33
Sequences were aligned using the online software MultAlin. Sequence variations are highlighted in blue
34
with full conservation in red. Each sequences starts with the initiating start ATG codon. Tables   1   Table 1 2 
